Immunoreactivities against anti-bombyxin and anti-muscarinic acetylcholine receptor on sequential sections of the pupal brain of Bombyx mori showed that bombyxin-producing neurosecretory cells expressed the muscarinic acetylcholine receptor. Carbachol at 100 mM induced isolated bombyxin-producing neurosecretory cells to depolarize in the range of 5 to 20 mV and the carbachol-induced depolarization was blocked with 1 mM atropine (muscarinic acetylcholine antagonist). These results suggested that a direct transmission to regulate release of bombyxin occurs on the bombyxin neurosecretory cells. In fact, the release of bombyxin from the brain-corpus cardiacum-corpus allatum complex was induced with carbachol and inhibited with atropine, indicating that the release of bombyxin is, at least partially, regulated by muscarinic transmission.
INTRODUCTION
To date, many neuropeptide hormones such as prothoracicotropic hormone (PTTH), eclosion hormone and diapause hormone have been isolated from insects Marti et al., 1987; Horodyski et al., 1989; Yamashita, 1993; Suzuki, 1995) . PTTH is produced in two pairs of dorsolateral neurosecretory cells and released from the end of the axon at the corpus-allatum (Mizoguchi et al., 1990) . The released PTTH stimulates the prothoracic gland to synthesize and secrete ecdysone (Bollenbacher et al., 1979; Agui et al., 1980 ). The change in ecdysone level results in the molt, and ecdysis is triggered by eclosion hormone (Truman, 1985) . Diapause hormone released from the suboesophageal ganglion of a female pupa acts on the developing ovary to induce diapause eggs (Yamashita and Hasegawa, 1985) .
Bombyxin is also a neuropeptide hormone with a molecular weight of 5 kDa (Suzuki et al., 1982; Nagasawa et al., 1984; Iwami, 2000) , that is produced in four pairs of mid-dorsal neurosecretory cells and secreted into the hemolymph . The hormone was originally isolated as a peptide from Bombyx mori (Nagasawa et al., 1984) , which showed prothoracicotropic activity to Samia Cynthia ricini but not to Bombyx mori (Ishizaki et al., 1983) . Accordingly, the physiological function of bombyxin in Bombyx mori has not been clarified as yet, although an important role of bombyxin in growth and development has been suggested based on its sequence homology to insulin (Nagasawa et al., 1986) , hypotrehalosemic activity (Satake et al., 1997) and high titer during pupal-adult development (Saegusa et al., 1992) .
These neuropeptide hormones including bombyxin contribute to adaptation to environmental conditions by regulating development and morphological changes. Thus, the release of the neuropeptide hormones must be adjusted by environmental conditions such as light and temperature. However, the control mechanism of insect peptide hormones, for example when and how hormones are released, remains unknown.
To elucidate the mechanism of neuropeptide hormone release, we have so far focused on the PTTH release in the silkworm. We reported that the release of PTTH was triggered via the muscarinic acetylcholine receptor (mAChR) (Shirai et al., 1994) , which was identified on the PTTH-producing neurosecretory cells (Aizono et al., 1997a) . These results suggest that muscarinic transmission directly regulates the release of PTTH. Furthermore, we found that, in addition to the PTTH-producing neurosecretory cells, some cells in the middorsal area showed immunoreactivity to antimAChR antibody (Aizono et al., 1997a) . The localization and anatomical characteristics of these cells were similar to those of the bombyxin-producing neurosecretory cells, suggesting that bombyxin-producing neurosecretory cells express the mAChR and that bombyxin release is regulated via mAChR. To confirm this hypothesis, we performed immunocytochemical and electrophysiological studies on the bombyxin-producing neurosecretory cells and investigated the effects of carbachol (acetylcholine agonist) and atropine (muscarinic acetylcholine antagonist) on the in vitro release of bombyxin from the brain-corpus cardiacum-corpus allatum (Br-CC-CA) complex.
MATERIALS AND METHODS
Insects. All larvae of the silkworm, Bombyx mori (kinshuϫshouwa), were reared on an artificial diet, KIT (Nikko Shoji Inc.) at 25°C under a 12 h light/12 h dark photoperiod. The day of pupal ecdysis was designated as day 0 of the pupal stage.
Materials. Rabbit anti-bombyxin and rabbit anti-mAChR antibodies were kindly donated from Dr. H. Kataoka (University of Tokyo) and Dr. D. B. Sattelle (University of Oxford), respectively. Biotinylated anti-rabbit IgG, normal goat serum (NGS), FITC-avidin D, diaminobenzidine (DAB) substrate kit, avidin/biotin blocking kit, ABC-alkaline phosphatase kit and alkaline phosphatase substrate kit II were purchased from Vector Laboratories, Burlingame, CA, U.S.A. Trypsin was obtained from Becton Dickinsons (formerly Difco), Sparks, MD, U.S.A. Collagenase, carbachol and atropine sulfate were from Sigma Chemical Co., St. Louis, MI, U.S.A. The micro glass coverslip was made by Matsunami Glass Inc., Kishiwada, Japan. Centrisart I (SM 13239) and filter holders were from Sartorius AG., Göttingen, Germany. Solid phase Extraction Device (C8 column: 10ϫ60 mm) was from Whatman Inc., Maidstone, England. Cellulose nitrate membrane filters (pore size 0.2 mm) used for immunoblotting were from Advantec Toyo Roshi Ltd., Tokyo, Japan. Grace's insect medium was from Gibco Inc., Rockville, MD, U.S.A.
Immunocytochemistry. Brains were dissected from day 1 pupa of Bombyx mori and fixed for 2 h in 4% paraformaldehyde at room temperature. After dehydration through a graded series of ethanol from 80% to 100% and treatment with xylene, the fixed brains were embedded in paraffin wax. Horizontal sections (8 mm) were cut from blocks and every other section was subsequently transferred onto two glass slides pre-coated with 0.25 mg/ml poly-L-lysine. The wax was removed with xylene, and the tissue sections were re-hydrated through a graded series of ethanol (5 min each) prior to 10 mM phosphate buffered saline (PBS). Sections were preincubated for 30 min with 0.3% H 2 O 2 to block endogenous peroxidase activity, and then immersed in 0.3% sodium deoxycholate for 5 min. After rinsing with PBS containing 0.4% Triton X-100, sections were incubated with 5% NGS in PBS to avoid nonspecific binding of the antibody. After washing with PBS, each of the slides was incubated with anti-bombyxin (1/1,000 final dilution) or anti-mAChR (1/200 final dilution) antibodies in PBS containing NGS (1.5%) at 4°C overnight. The sections were incubated with biotinylated anti-rabbit antibody for 14 h at 4°C, followed by an avidin-biotin complex solution for 1 h at room temperature. Immunoreactivity was detected with the 0.01% DAB substrate kit, followed by processing with 0.04% nickel ammonium sulfate in 50 mM Tris-HCl (pH 7.5) containing 0.03% H 2 O 2 . For the control, normal rabbit serum was used instead of anti-bombyxin and mAChR antibodies.
Electrophysiology. Brains were dissected from day 1 pupa in Ringer's solution (154.8 mM NaCl, 12.3 mM KCl, 4.0 mM MgCl 2 , 4.5 mM CaCl 2 , 2.1 mM NaHCO 3 , 0.1 mM Na 2 HPO 3 and 67.1 mM glucose), and incubated in PBS containing both 0.01% trypsin (Difco 1 : 250) and 0.01% collagenase (150-300 units/mg) for 5-15 min. After dispersion was confirmed by microscopy, regions containing the cell bodies of bombyxin-producing neurosecretory cells were manually dissected from the dorsolateral area on the basis of the distinguishable size and color of these cells. The dissected regions were "tissue-printed" on 9 mm glass coverslips coated with poly-L-lysine. The micro coverslips were secured in an experimental chamber and perfused with modified Drosophila saline (120 mM NaCl, 8 mM MgCl 2 , 2 mM CaCl 2 , 5 mM KCl, 32 mM sucrose and 10 mM PIPES, pH 6.4). Isolated bombyxin-producing neurosecretory cells were patched with a glass pipet filled with 130 mM KCl, 4 mM MgCl 2 and 10 mM PIPES (pH 6.4). All chemicals were bath-applied in modified Drosophila saline. Whole cell recording was performed using an EPC-7 patch clamp system (List Electronics, Damstadt, Germany) and a thermal array recorder RTA-1100 (Nihon Kohden, Tokyo, Japan).
Immunofluorescent staining of the isolated bombyxin-producing neurosecretory cells. The following treatments were performed on coverslips. The bombyxin-producing neurosecretory cells used for patch clamp studies were fixed for 1 h in 4% paraformaldehyde at room temperature. After washing with PBS, fixed cells were immersed in PBS containing 1% Triton X-100 and then incubated with 5% skim milk in PBS containing 0.2% Tween 20. After washing with PBS containing 0.05% Tween 20 (PBS-T), cells were incubated with rabbit anti-bombyxin antibody (1/5,000 final dilution) in PBS at 4°C overnight. Cells washed again with PBS-T were allowed to react with biotinylated anti-rabbit IgG antibody for 1 h at room temperature. Finally, cells were incubated with FITC-avidin, followed by thorough washing with PBS. The resulting fluorescence was detected using an epifluorescence microscope, Nikon OPTIPHOT-2, type X2F-EPD3.
Detection of bombyxin released from the Br-CC-CA complex. Br-CC-CA complexes were dissected from day 1 pupae in Ringer's solution. The dissected complexes were mounted on a cellulose acetate membrane filter (diameter, 13 mm; pore size, 0.2 mm) and secured in filter holders. For washing, the filters were superfused with Grace's insect medium for 30 min. Batches of five complex organs were incubated with or without 1 mM carbachol in 100 ml of Grace's insect medium. After 1 h of incubation at 25°C, the medium was collected and stored at Ϫ20°C.
To partially purify bombyxin, the medium was heated at 85°C for 5 min, followed by centrifugation at 13,000ϫg for 5 min. The supernatant was filtered through a cellulose acetate membrane (Toyo Roshi, 13 mm, 3.0 mm) and a Centrisart I membrane to exclude molecules bigger than 10,000 Da. The pH of the sample was adjusted to 3.0 using 10% trifluoroacetic acid (TFA) and the sample was applied to the solid phase extraction device. After the column was washed with 0.05% TFA-2% acetonitrile, proteins bound to the column were eluted with 0.05% TFA-35% acetonitrile. The eluate containing bombyxin was concentrated and lyophilized.
The lyophilized sample was dissolved in PBS and spotted on a nitrocellulose membrane (0.2 mm). The membrane was immersed in avidin and biotin blocking solutions for 10 min each. After washing with PBS-T, the membrane was processed with rabbit anti-bombyxin antibody for 30 min at room temperature. Then, the membrane was washed again with PBS-T and incubated with biotinylated anti-rabbit IgG antibody for 30 min at room temperature. Immunoreactivity was detected using an ABC-alkaline phosphatase-substrate kit, followed by an alkaline phosphate substrate kit II.
RESULTS

Colocalization of immunoreactivities for bombyxin and mAChR
Immunostaining with anti-bombyxin antibody showed two of the eight bombyxin-producing neurosecretory cells in the mid-dorsal area (Fig. 1A) . The rest of the bombyxin neurosecretory cells were detected on subsequential sections (data not shown). The diameter of these immunoreactive cells was 30-50 mm. The antibody also stained axons on each bombyxin-neurosecretory cell extending to the median protocerebral area. The bombyxin-producing neurosecretory cells in the consecutive section were also immunostained with the anti-mAChR antibody (Fig. 1B) . No immunoreaction was detected in the bombyxin-producing neurosecretory cells by normal rabbit serum (data not shown). These results indicate that bombyxin-producing neurosecretory cells express the mAChR.
Interestingly, at higher magnification, intensely immunostained granules detected using antimAChR antibody were present just below the anterior plasma membrane and weak immunoreactivity against mAChR was observed throughout the cytoplasm of the bombyxin-producing neurosecretory cells ( Fig. 2B and D) . On the other hand, very intense immunoreactivity to anti-bombyxin antibody was uniformly detected in the cytoplasm ( Fig. 2A  and C) .
The electrophysiological action of the acetylcholine agonist on bombyxin-producing neurosecretory cells
The bombyxin-producing neurosecretory cells were first identified by their whitish color and size (30-50 mm), and their identity was confirmed by immunofluorescent staining using anti-bombyxin antibody after electrophysiological studies. Figure  3 shows two isolated bombyxin-producing neurosecretory cells.
The average resting potential of the isolated bombyxin-producing neurosecretory cells was Ϫ21.04Ϯ6.79 mV (nϭ17). Carbachol at 100 mM, an acetylcholine agonist, caused depolarization of the cells in the range of 5-20 mV, while serotonin at 100 mM did not. Figure 4A shows a typical depolarization induced by 100 mM carbachol. The onset of depolarization was slow and the duration was long. This depolarization was blocked by 1 mM atropine (a muscarinic acetylcholine antagonist) and the inhibition was reversible (Fig. 4B and C) .
These results indicate that bombyxin-producing neurosecretory cells are depolarized by muscarinic transmission.
Carbachol-induced release of bombyxin from the Br-CC-CA complex
As shown in Fig. 5A , the amount of bombyxin released from the Br-CC-CA complex with carbachol as the stimulus, depended on the number of Br-CC-CA complexes present. It is, however, noteworthy that bombyxin was released at significant levels from more than 10 carbachol-treated Br-CC-CA complexes, while no release of bombyxin was detected from 30 untreated Br-CC-CA complexes. These results show that carbachol induced the Br-CC-CA complex to release bombyxin.
Furthermore, 5 mM atropine inhibited the carbachol-induced release of bombyxin (Fig. 5B) , indicating that mAChRs mediate the carbacholinduced release of bombyxin.
DISCUSSION
Successful cloning of the Drosophila mAChR gene (Onai et al., 1989; Shapiro et al., 1989) enabled generation of the highly specific antiDrosophila mAChR antibody (Blake et al., 1993) . We and others (Harrison et al., 1995) have used the antibody to characterize other insect's mAChRs, and we have reported the presence of mAChR on the PTTH-producing neurosecretory cells in Bombyx mori (Aizono et al., 1997a) . In that study, we unexpectedly found that several neurosecretory cells in the mid-dorsal area were immunoreactive to the anti-mAChR, which resembled the bombyxin-producing neurosecretory cells. Accordingly, in the present study, we sought to verify whether the bombyxin-producing neurosecretory cells ex- pressed mAChR. The intercerebral neurosecretory cells showing immunoreactivity to the antimAChR antibody were indeed identified to be bombyxin-producing neurosecretory cells (Figs. 1  and 2 ). More interestingly, accumulation of mAChR was not uniform in the bombyxin-producing neurosecretory cells (Fig. 2B and D) . Muscarinic AChRs were concentrated near the anterior area of the plasma membrane, while relatively lower levels were present in the cytoplasm.
A whole cell patch clamp study was also carried out on isolated bombyxin-producing neurosecretory cells. We showed that carbachol, but not serotonin, caused depolarization of the cells. We used serotonin as a control because both carbachol and serotonin induced the release of PTTH (Shirai et Typical depolarization induced by carbachol (100 mM, 1 min). The resting potential was Ϫ20 mV. Bath-application of 100 mM carbachol depolarized bombyxin-producing neurosecretory cell in the range of 10 mV. B: Effect of atropine on the carbachol-induced depolarization. Co-application of 1 mM atropine blocked the carbachol-induced depolarization. C: Reversible inhibition of atropine. After washing, carbachol was applied. Carbachol induced depolarization again. These three records were sequentially obtained from one bombyxin-producing neurosecretory cell. al., 1995; Aizono et al., 1997b) . The resting potential of the bombyxin-producing neurosecretory cells (Fig. 4) was slightly different from previous results because the conditions used in this study differed from others' (Miyazaki, 1980; Ichikawa, 1991) . Importantly, however, we found similar electrical characteristics on the bombyxin-producing cells to that reported by Ichikawa (1991) ; the duration of action potential tended to be long. In addition, the pattern of the carbachol-induced depolarization on the bombyxin-producing neurosecretory cells was very similar to that on the cockroach motor neuron Df, which has been identified as an M1-like novel mAChR (Bai and Sattelle, 1994) . Namely, the onsets of both depolarizations are slow and the durations are long. Judging from the similarity, mAchR on the bombyxin-producing neurosecretory cells might be an M1-like novel mAChR, although further pharmacological experiments will be needed to identify the subtype of mAChR on the bombyxin-producing neurosecretory cells.
Generally, bombyxin is thought to be released from the corpus allatum . The finding that bombyxin-producing neurosecretory cells express mAChR and depolarize in response to muscarinic stimulation suggested that release of bombyxin from the corpus allatum could be regulated by muscarinic transmission. Hence, we investigated the effects of carbachol and atropine on the in vitro release of bombyxin from the Br-CC-CA complex. For this purpose, we modified 436 Y. Shirai et al. were incubated with or without 1 mM carbachol in Grace's insect medium (test and control, respectively). Bombyxin released into the medium was purified as described in Materials and Methods and subsequently detected by immunoblotting using anti-bombyxin antibody. B: Twenty Br-CC-CA complexes were incubated withthe system developed for the evaluation of PTTH release from the Br-CC-CA complex (Shirai et al., 1994 (Shirai et al., , 1995 . The concentration of carbachol and atropine used in this study was also based on the previous paper (Shirai et al., 1994) . The tendency that a relatively high concentration is necessary for the induction and inhibition of neuropeptide hormone release from the Br-CC-CA complex may be due to the neural lamella and perineurium of the brain (Chapman, 1998) .
As expected, bombyxin was demonstrated to be released via stimulation of mAChRs (Fig. 5) . In addition, we found that the Br-CC-CA complex of day 1 pupa secreted a small amount of bombyxin without stimulation (Fig. 5A) . Thus, this system may prove useful in investigating the release of bombyxin into the hemolymph from the Br-CC-CA complex, although further experiments are needed to conclude that the release of bombyxin from the complex with no stimulation occurs to a similar degree to the in vivo release. Elucidation of the timing of bombyxin release into the hemolymph by the system may be useful in the clarification of the physiological function of bombyxin.
In conclusion, these results indicate that the release of bombyxin is regulated by muscarinic transmission. Moreover the existence of the mAChR and the muscarinic electrophysiological action on the bombyxin neurosecretory cells strongly suggest that the muscarinic transmission for the bombyxin release occurs directly on the bombyxin neurosecretory cells, although it has not been clarified whether the transmission occurs on the cell body and/or the dendrites.
Here, we showed that not only the release of PTTH but also that of bombyxin is regulated by the neurotransmitter, acetylcholine, mediating transmission through the mAChR. Moreover, in addition to bombyxin-and PTTH-producing neurosecretory cells, there are other unidentical neurosecretory cells, which contain mAChR in Bombyx brain (Aizono et al., 1997a) . These findings imply that muscarinic transmission is a very important trigger for the release of developmentally-regulated neuropeptide hormones. Thus, our work here paves the way for an interesting area of further study, namely establishing a correlation between muscarinic transmission and neuropeptide hormone release.
